Sthenurine kangaroos, extinct "giant kangaroos" known predominantly from the Plio-Pleistocene, have been proposed to have used bipedal striding as a mode of locomotion, based on the morphology of their hind limbs. However, sthenurine forelimb morphology has not been considered in this context, and has important bearing as to whether these kangaroos employed quadrupedal or pentapedal locomotion as a slow gait, as in extant kangaroos. Study of the correlation of morphology of the proximal humerus in a broad range of therian mammals shows that humeral morphology is indicative of the degree of weightbearing on the forelimbs during locomotion, with terrestrial species being distinctly different from arboreal ones. Extant kangaroos have a proximal humeral morphology similar to extant scansorial (semi-arboreal) mammals, but sthenurine humeri resemble those of suspensory arboreal taxa, which rarely bear weight on their forelimbs, supporting the hypothesis that they used bipedal striding rather than quadrupedal locomotion at slow gaits. The humeral morphology of the enigmatic extinct "giant wallaby," Protemnodon, may be indicative of a greater extent of quadrupedal locomotion than in extant kangaroos.
Introduction
The familiar locomotor mode of kangaroos is hopping: that is, bipedal locomotion using the hind limbs in tandem, unaided by the forelimbs. But, at the slower speeds that make up the majority of the daily locomotor repertoire of kangaroos, some sort of forelimb-supported gait is employed, and this locomotion dominates the pattern of daily movement (see Doube et al. 2018 ). In the Pleistocene there was a diversity of kangaroo species much larger than the extant ones, the so-called "giant kangaroos." These include the giant short-faced browsing kangaroos (subfamily Sthenurinae; family Macropodidae), and the so-called "giant wallaby," Protemnodon (subfamily Macropodinae; family Macropodidae). Here, we consider the mode of slow locomotion in these large extinct kangaroos by an examination of the morphology of their proximal humeri in comparison with extant mammals that exhibit differing degrees of weight-bearing on their forelimbs during locomotion.
Sthenurines are first known from the middle Miocene, and were always relatively large animals for their time, although truly "giant" forms (i.e., larger than extant kangaroos) are not known until the Plio-Pleistocene. Miocene sthenurines include the late middle to early late Miocene Wanburoo (Kear et al. 2001 ; body mass~7-8 kg, Travouillon et al. 2009 ); the early late Miocene Rhizosthenurus (see Kear 2002 ; body mass 9-15 kg, Travouillon et al. 2009 ); and the late late Miocene Hadronomas (see Murray 1991 , of similar size to a modern large grey kangaroo, i.e.,~50 kg). Plio-Pleistocene sthenurines comprised three to five genera and~25 species (Prideaux 2004) , with body mass estimates of 43-244 kg (Helgen et al. 2006) . Species (~10) of Protemnodon are known only from the Plio-Pleistocene, with body mass estimates of 43-166 kg (Helgen et al. 2006) . Ancient DNA has shown that Protemnodon is quite closely related to the genus Macropus (Llamas et al. 2015) . In contrast, the extant large species of Macropus have body masses of between around 25 kg (small female M. giganteus) and 80 kg (large male M. rufus) (Dawson 1995) ; but in the Pleistocene larger species existed (M. titan and M. ferragus) with body masses of up to 180 kg (Helgen et al. 2006 ).
Kangaroo Locomotion: Speed and Size Constraints
Hopping is an extremely efficient fast gait, with a relatively flat relationship between speed and energetic costs in larger kangaroos (Baudinette 1989; Bennett and Taylor 1995) . All extant macropodoids (kangaroos and rat-kangaroos), with the exception of the musky rat-kangaroo, Hypsiprymnodon moschatus (Burk et al. 1998) , engage in at least some hopping. There appear to be size limits on the use of hopping locomotion. Hopping mammals do not alter their locomotor posture with increasing body size; larger hoppers maintain the same crouched limb posture as smaller ones, which results in increasing tendon strain in the hind legs of larger kangaroos (McGowan et al. 2008; Snelling et al. 2017) . The optimal size for hopping has been estimated at around 50 kg (which is around the average body weight of large extant kangaroos) (Bennett and Taylor 1995) . A maximum possible size, beyond which tendon safety factors would be below unity, has been estimated at~140 kg (McGowan et al. 2008) .
Hopping is biomechanically impossible at slow speeds (Baudinette 1989) , necessitating the use of an alternative gait. At speeds below around 6 km/h all extant kangaroos perform some sort of gait that involves bearing weight on both forelimbs and hind limbs, either walking or bounding (Windsor and Dagg 1971) . The specialized slow gait of extant large kangaroos is a pentapedal walk, with the tail acting as a "fifth limb" to aid in propulsion (O'Connor et al. 2014; Dawson et al. 2015) . In contrast with hopping locomotion, the energetic costs of quadrupedal bounding increase with speed, and scale in a similar fashion to the costs of quadrupedal locomotion in other mammals. Pentapedal locomotion appears to be more expensive than quadrupedal bounding (Bennett 2000) , but is probably mandated for large kangaroos with extremely long hind legs .
Morphology of Extinct "Giant Kangaroos", and Proposed Modes of Locomotion
The skeleton of sthenurines was more robust than that of extant large kangaroos, and their body size was not only above the theoretical optimum size for hopping (~50 kg; Bennett and Taylor 1995) but, for several species, above the theoretical maximum size for hopping (140 kg) (Helgen et al. 2006; McGowan et al. 2008) . Janis et al. (2014) , in a study of hind limb morphology, proposed that sthenurines used bipedal striding as their main form of locomotion, although most probably did some hopping: only Procoptodon goliah (estimated body mass of 232 kg; Helgen et al. 2006 ) was significantly above the proposed maximum size for hopping locomotion, but Sthenurus stirlingi (included in this study, estimated body mass of 173 kg; Helgen et al. 2006 ) may also have been at or above the theoretical limit. Janis et al. (2014) proposed that sthenurines would have especially employed a bipedal striding gait at slow speeds instead of quadrupedal (or pentapedal) walking, a gait that would likely have been impossible for these kangaroos. Sthenurines had a stiffly-braced lumbar vertebral region, with limited capacity for dorso-ventral flexion, and specialized long-fingered hands that had limited capacity for dorsiflexion (Wells and Tedford 1995) . This anatomy is interpreted as an adaptation for browsing with an upright bipedal posture, and likely would have prevented sthenurines from employing the quadrupedal or pentapedal gaits of extant kangaroos (Wells and Tedford 1995) . However, Janis et al. (2014) did not examine any anatomical indicators that would support the hypothesis that sthenurines did less weight-bearing on the forelimbs than extant kangaroos.
Some Protemnodon species were also above the theoretical size limit for hopping (e.g., Protemnodon roechus, body mass estimate of 166 kg; Helgen et al. 2006) . While the species of Protemnodon included here, Protemnodon anak and Protemnodon brehus (estimated body masses of 131 kg and 110 kg, respectively; Helgen et al. 2006) were not above the theoretical maximum size, they were well above the optimal size of~50 kg. Protemnodon species also had skeletons that appear robust in comparison with large species of Macropus (Janis et al. 2014) . The skeleton of Protemnodon does not appear well adapted for hopping, with short metatarsals in comparison to other large kangaroos, and it has been suggested that at least some species were quadrupedal at all gaits (Kear et al. 2008; Den Boer 2018) . Den Boer (2018) considered the limb proportions of Protemnodon anak, but did not specifically consider the capacity for weight-bearing on the forelimbs; if this animal was indeed primarily quadrupedal, then one would predict that it would have morphology evidencing better capacity for this behavior than extant kangaroos.
Proximal Humeral Morphology and Forelimb Support
The major features of the therian (placental and marsupial) mammalian proximal humerus are the articular head (articulating with the scapula glenoid); the greater tuberosity (= greater tubercle), which serves as the insertion point for the supra-and infraspinatus muscles and the teres minor muscle; the lesser tuberosity (= lesser tubercle), which serves as the insertion point for the subscapularis muscle; and the intertubercle sulcus (= the bicipital groove), which is the passageway for the tendon of the biceps brachii. The muscles attaching to the proximal humerus are known as the rotator cuff muscles in humans, where they act to protract, rotate, adduct, and abduct the humerus, as well as stabilizing the glenohumeral joint (Mathewson et al. 2014) .
The morphology of the proximal humerus is indicative of the extent of weight-bearing on the forelimbs during locomotion. Joint morphology is a compromise between mobility and stability, and this is especially important in the case of the therian mammal shoulder joint. Therians are unusual among tetrapods in having a humero-scapular joint that has a very shallow ball-and-socket articulation. Such morphology potentially allows for great mobility of the arm, but the therian shoulder joint must now be stabilized by muscular action (Jenkins and Weijs 1979) .
Terrestrial therians, habitually bearing weight on their forelimbs, have a very different morphology of the proximal humerus from arboreal ones, where rotational capacities of the humerus are more important than stability in bearing weight during locomotion. In accordance, as will be explained below in functional terms: arboreal mammals have a rounded, globular humeral head, with relatively small tuberosities that do not project above the surface of the head; terrestrial mammals have a more ovoid (elliptical), flatter humeral head, with relatively larger tuberosities (especially the greater tuberosity) that project above the level of the humeral head (see Fig. 1 ).
These differences in humeral proximal morphology between terrestrial and arboreal forms have primarily been observed in primates (e.g., Szalay and Dagosto 1980; Rose 1989; Gebo and Sargis 1994; Ride et al. 1997; Schmitt 2003; Arias-Martorell 2018) , but also in other mammals such as tree shrews (Sargis 2002) , tenrecs (Salton and Sargis 2008), didelphid marsupials (Argot 2001; Szalay and Sargis 2001) , viverrids (Taylor 1974) , felids (Walmesly et al. 2012) , procyonids (Tarquini et al. 2019) , caviomorph rodents (Morgan and Álverez 2013) , and xenarthrans (Toledo et al. 2013) . Although most authors reported a phylogenetic signal within these lineages, the overall pattern of similarities both within and between lineages, and in marsupials as well as placentals, evidences a strong functional association between morphology and locomotion that overrides any phylogenetic effects.
The supraspinatus and infraspinatus muscles are often considered to act as protractors of the humerus, but electromyographic studies show that they are primarily active while the foot is on the ground in the stance phase, rather than while the foot is moving forwards in the swing phase, and they thus act primarily as stabilizers. This pattern of muscular activity is seen both in primates (Larson and Stern 1989) and didelphid marsupials (Jenkins and Weijs 1979) , so thus is likely the basal role of these muscles in therian mammals. Larger mammals such as ungulates have the infraspinatus muscle as the predominant rotator cuff muscle, while in primates and smaller mammals such as rodents and rabbits the subscapularis is the predominant muscle (Mathewson et al. 2014) : this would thus also appear to be the basal mammalian condition. In a "true," human-like, rotator cuff, the rotator cuff musclessupraspinatus, infraspinatus, and teres minorcombine into a single tendon for their insertion onto the greater tuberosity. Such an anatomical set-up is seen only in hominoid primates among placentals, and only in tree-kangaroos among a diversity of marsupials, and is likely functionally related to the ability to raise the arm above the head (Sonnabend and Young 2009 ). This may also have been the case in sthenurine kangaroos.
The joint-stabilizing function of the rotator cuff muscles is critical in mammals that bear weight on their forelimbs. In predominantly terrestrial mammals the humerus is primarily limited to parasagittal motion, and the infraspinatus and teres minor are especially important in stabilizing the glenohumeral joint against adduction (Mathewson et al. 2014) . The more ovoid humeral head of terrestrial mammals restricts the motion of the humerus to the parasagittal plane, and the large greater tuberosity restricts humeral abduction as well as acting as an increased lever arm for the supraspinatus and infraspinatus muscles. In contrast, the rounded, globular humeral head in arboreal mammals allows for greater rotational ability of the humerus in the socket, and the lower relief of the tuberosities provides a greater area of attachment for the a b c d rotator cuff muscles around the humeral head (Gebo and Sargis 1994) . Although all terrestrial therians have an enlarged greater tuberosity, in many lineages the size of the lesser tuberosity varies little with locomotor mode. However, there are some exceptions. In suspensory (under-branch hanging) hominoids, as opposed to merely arboreal ones (which are usually branchwalkers), the lesser tuberosity is greatly reduced in size, which may allow for an even greater rotational ability of the humerus on the scapula (Arias-Martorell 2018). In contrast, some arboreal mammals that use their forelimbs in active climbing (rather than for suspension) have an enlarged, medially-directed lesser tuberosity: this is seen in certain tree shrews (Sargis 2002) , didelphids (Argot 2001), carnivorans (Gebo and Rose 1993) , and also in the suspensory sloths (Toledo et al. 2013 ). An enlarged lesser tuberosity is also observable in our photographs in lemuriform primates such as the indri (Indri indri) and the diademed sifaka (Propithecus diadema), the giant pangolin (Smutsia gigantea), both sloths (Bradypus variagata and Coelepus hofmanni), the fairy anteater (Cyclopes diadactylus), and the tamandua (Tamandua tetradactyla). This morphology of the lesser tuberosity provides a greater moment arm for the action of the subscapularis muscle, which is important in the medial (internal) rotation of the humerus (Sargis 2002 ; Arias-Martorell 2018).
Materials and Methods
Two different modes of data analyses were performed to investigate the correlation of proximal humeral shape with locomotor mode: one using 2D Geometric Morphometrics, and one using areas of portions of the humerus analyzed in a phylogenetic framework. Our motivation for the second analysis was as follows. Our interest is in the functional morphology of the proximal humerus rather than its precise anatomy: we thus propose that the relative sizes of the greater tuberosity, lesser tuberosity, and humeral head are a direct proxy of humeral function. In general terms, differences in the relative sizes of these structures between arboreal and terrestrial taxa should apply across taxonomic groups. However, geometric morphometrics records not only the relative size of these elements, but also aspects of shape, such as the relative positioning of the tuberosities with respect to the humeral head, and the precise shape of the tuberosities themselves (the greater tuberosity, in particular, can be highly variable in shape). Thus any analysis to determine phylogenetic effects could be confounded by an effect of phylogeny with respect to these other areas of shape, rather than on the relative sizes of the humeral components alone. We controlled for the possible influence of these shape factors by conducting this second analysis only on the relative size of the three different areas of the proximal humeral anatomy (i.e., the humeral head and the two tuberosities), and here we controlled for potential effects of phylogenetic nonindependence to completely isolate the functional signal (relative size) from confounding influences.
Data Collection
The humeri of 115 mammalian species were photographed in superior view, such that the humeral head and greater and lesser tuberosities were visible in what would be the plane of articulation with the scapula (see Fig. 1 ). The photographs of left humeri were mirror-imaged so that the data analyzed included only effectively right-side humeri.
The species included comprised five species of extinct kangaroos, 13 extant macropodoid species (kangaroos and ratkangaroos, families Macropodidae and Potoroidae, respectively); nine species of other extant (or recently extinct) marsupials (families Dasyuridae, Didelphidae, Peramelidae, Phalangeriidae, Phascolarctidae, Thylacinidae, and Vombatidae); and 87 species of extant placentals (orders Carnivora, Cingulata, Pholidota, Pilosa, Primates, Rodentia) (see Table 1 ).
The extinct kangaroos included: subfamily Sthenurinae -"Procoptodon" gilli (~54 kg), "Procoptodon" browneorum (similar size to "Procoptodon" gilli), two individuals of Simosthenurus occidentalis (~118 kg), and two individuals of Sthenurus stirlingi (~173 kg); subfamily Macropodinae -Protemnodon anak (~131 kg) and Protemnodon brehus (~110 kg). All body mass estimates are from Helgen et al. (2006) .
The selection of extant mammals represented those within the size range of extant and extinct kangaroos, ranging from 1 kg to~150 kg, including lineages that comprised a diversity of locomotor types (see below). An average body mass for each taxon was taken from the PanTHERIA database (Jones et al. 2009 ). Some phalangerid marsupials and sciurid rodents were slightly smaller (but all above 500 g), and were included in order to obtain a balance of locomotor types. (See Table 1 .)
The extant mammals were assigned to the following locomotor modes (from information in a diversity of literature sources): arboreal (primarily living in trees, rarely locomoting on the ground, 24 taxa); terrestrial (primarily living on the ground, almost never climbing trees, 37 taxa); scansorial (= semi-arboreal, locomoting both on the ground and within the canopy, 27 taxa); and ricochetal (hopping, macropodoids plus the rodent Pedetes capensis, 13 taxa). A separate category of arboreal forms included mammals with suspensory types of locomotion (from the orders Pilosa and Primates, eight taxa). We acknowledge that these categories, especially the distinction between arboreal and scansorial, may not be completely distinct, but we employ them in the spirit of the notion of locomotor mode morphotype (see Szalay and Dagosto 1980) . Because of the paucity of extant larger species of marsupials, all available taxa were included. In the case of placentals, the selected lineages mainly represent orders, and usually only one species per genus was included. Taxa from the orders Artiodactyla, Lagomorpha, and Macroscelidea, and Hyracoidea were not included. The former three orders had a diversity of species within the determined size range, but all were terrestrial. Although Hyracoidea includes a diversity of locomotor types, all hyrax species have an extremely large humeral greater tuberosity, and we decided not to include them. Specimens were photographed in the collections of a diversity of institutions (see legend for Table 1 ). All specimens were photographed with a scale bar for later use in digital measurement. Most specimens were photographed with a Nikon DSLR camera or a FujiFilm FinePix S9900 W; however, the smallest were photographed with a Celestron Digital Microscope Pro connected to a MacBook Air.
Data availability. The measurements (for the proximal humerus of each taxon) are available, in the form of the Procrustes Coordinates (for the Geometric Morphometric data: Online Resource 1), and the raw and relative area measurements (for the Area Measurements: Online Resource 2, which also includes the first and last occurrences for each taxon).
Geometric Morphometrics
The photographs of the proximal humerus were scaled and a series of ten landmarks were digitized on each one ( Fig. 2a ). These landmarks were selected to capture the main features of the shape of the proximal humeral epiphysis, including the head, the greater and lesser tuberosities, and the bicipital groove. This process was developed using the TPS Util 1.68 and TPS Dig 2.25 (Rohlf 2016a, b) . These raw landmark coordinates were imported onto the software MorphoJ (Klingenberg 2011) . A Procrustes alignment was performed to remove the differences in size, translation, and rotation (Dryden and Mardia 1998) . The resulting shape (Procrustes) coordinates were imported to R environment (RStudio Team 2015) and the effect of allometry was explored within a phylogenetic context (see below for phylogenetic tree composition) using procD.pgls function of geomorph package (Adams and Otárola-Castillo 2013) . In addition, the phylogenetic signal was also tested using physignal function of the same package (Adams and Otárola-Castillo 2013) . Following this, these Procrustes coordinates were used to carry out a principal components analysis (PCA) and a canonical variates analysis (CVA) in MorphoJ (Klingenberg 2011) .
In the CVA four locomotor groups (suspensory, arboreal, scansorial, and terrestrial) were assigned. A permutation test for the significance of the pairwise differences between groups was performed using Mahalanobis and Procrustes distances (Klingenberg and Monteiro 2005) . The CVA was then repeated using IBM SPSS Statistics v15 including ricochetal taxa (extant macropodids plus Pedetes) and extinct macropodids as unknowns. This analysis provided a percentage of correct reclassifications using leaving-one-out cross-validation method and a probability of classification in one of the known locomotor categories for unknown taxa.
Two-Dimensional Area Measurements
The perimeters of the greater tuberosity, lesser tuberosity, and humeral head were defined with ImageJ, to measure the area of these structures in superior view (see Fig. 2b ). The deep boundaries of the tuberosities were defined as a visible groove or change in bone texture where the tuberosity joins with the head of the humerus. The humeral head was defined as the articular surface of the scapulohumeral joint. Once measured, these values were summed to determine the total measured area; the areas of the greater tuberosity, lesser tuberosity, and humeral head were then normalized to the total measured area for each species, yielding dimensionless values for relative greater tuberosity area (rGTA), relative lesser tuberosity area (rLTA), and relative humeral head area (rHHA). These values were the focus of all subsequent analysis. The specimens were scored as belonging to one of the five locomotor modes described above: the sthenurine species were assigned to the category "unknown."
A composite phylogenetic tree for all specimens studied ( Fig. 3 ) was constructed based on published phylogenetic studies (Delsuc et al. 2002; Prideaux 2004; Koepfli et al. 2007; Blanga-Kanfi et al. 2009; Perelman et al. 2011; Nyakatura and Bininda-Emonds 2012; Llamas et al. 2015; May-Collado et al. 2015) . First and last occurrence dates for all taxa were taken from the Paleobiology Database, to allow time scaling of the branches of the composite tree. Time scaling was performed using a custom R function (originally written and implemented by Napoli et al. [2017] ), based on the phylogeny, first and last appearance dates, and estimates of birth, death, and sampling rates originally calculated for Mesozoic dinosaurs (Starrfelt and Liow 2016) . If the first appearance date was not available, it was assumed to be the end of the Pleistocene epoch (11,700 years before present). The All following statistical analyses were performed in R, using RStudio (RStudio Team 2015). The 'phylosignal' function included with the R package picante (Kembel et al. 2010) was used to calculate a K statistic of phylogenetic signal for rGTA, rLTA, rHHA, and body mass. Phylogenetically independent contrasts of rGTA, rLTA, rHHA, and body mass were calculated using the 'pic' function of the R package 'APE' (Paradis et al. 2004 ). These contrasts were then subjected to standardized major axis linear regression via the 'lmodel2' function from the R package lmodel2 (Legendre 2018) . Phylogenetic ANOVA (Garland et al. 1993 ) was conducted using the 'aov.phylo' function from the R package geiger (Pennell et al. 2014 ) to detect differences in rGTA, rLTA, and rHHA among the different locomotor categories, and to 
Results

Geometric Morphometrics: Principal Components Analysis
The result obtained from the allometric test within a phylogenetic context was non-significant (p value of 0.188), therefore, there are not any allometric effects in our sample. The test for phylogenetic signal was significant (the K statistic is 0.236, p value is 0.001).
The first three components of the PCA together explained 56.3% of the variance (23.51%, 18.86%, and 13.91%, respectively). Figure 4 shows a plot of PC1 against PC2 (a plot of PC1 against PC3 did not appear significantly different with respect to sorting of taxa by locomotor mode). Figure S1 shows this same PCA with convex hulls drawn around the main locomotor categories: this highlights where the macropodids, extant and extinct, plot with respect to the other extant mammals sampled. The first component largely distinguishes more terrestrial taxa (with positive scores) from more arboreal ones (with negative scores), with the suspensory arboreal taxa in general having the most negative scores.
The arboreal taxa tend to occupy the negative part of the morphospace along the first axis, and almost all have scores of less than +0.05. They are distinguished by a smaller greater tuberosity than the mean value, with especially with respect to the lesser (but more medial) projection of the cranial portion; a lesser tuberosity of similar size to the mean value, but oriented slightly more anteriorly; a deeper, more well-defined bicipital groove; and a humeral head that is more round than ovoid in shape with the apex projecting slightly laterally. The suspensory arboreal taxa mostly occupy the most negative portion of the morphospace along PC1, with scores mainly exceeding −1.0. Three suspensory taxa have less negative scores, clustering with the regular arboreal taxa: these include the two Table 1 sloths (#s113,114), and the howler monkey, Alouatta seniculus (#85).
The terrestrial taxa tend to occupy the positive portion of the morphospace along the first axis, mostly with scores greater than 0.00 (taxa with more negative scores are discussed below). Terrestrial mammals are distinguished by a larger greater tuberosity than the mean value, especially with regard to the anterior (rather than medial) projection of the cranial portion; a lesser tuberosity slightly larger than the mean value, but oriented slightly more posteriorly; a more shallow, less well-defined bicipital groove; and a humeral head that is more ovoid than round in shape with the apex projecting slightly medially. The scansorial taxa fall in the middle of the morphospace on the first axis, and overlap with both terrestrial and arboreal taxa, although they tend to cluster more with the terrestrial taxa; almost all have scores of greater than~− 0.05.
The second principal component is not as easy to interpret, either in terms of the distribution of taxa or in terms of humeral shapes. The taxa with positive scores have a humerus with a relatively large lesser tuberosity, with a postero-medial projection of the caudal portion, and a relatively shallow bicipital groove; the apex of the humeral head projects slightly laterally. The greater tuberosity is of a similar size to the mean value but the most lateral portion of the caudal portion and the highest point along the crest are shifted slightly postero-laterally. The taxa with negative scores have almost precisely the opposite features. Although terrestrial taxa are spread throughout the second component, they are the only taxa with scores of less than −0.1 on this axis. In general, but by no means exclusively, the taxa with negative scores tend to be the carnivorans, and the taxa with positive scores tend to be the rodents, the xenarthrans, the non-suspensory primates, and the extant marsupials. This component may thus reflect phylogeny rather than locomotor function.
As previously mentioned, PC1 does not entirely distinguish arboreal from terrestrial and scansorial taxa, and these discrepancies appear to be related, at least in part, to phylogeny. Although no arboreal taxa have scores of greater thañ 0.05 on PC1 (with a single exception, the Asiatic linsang Prionodon linsang [#72]), a number of them do plot in the positive portion of the morphospace along this axis. [19] ). The reasons for the departures of these taxa from the "kangaroo norm" are not clear. Note that although tree kangaroos appears similar to the other kangaroos in this two-dimensional planar view, they differ from them in having a humeral head that projects above the level of the tuberosities (Warburton et al. 2011 ), a general feature of arboreal mammals (Argot 2001).
In contrast, the sthenurines plot entirely in the negative portion of the morphospace along PC1, clustering with the suspensory taxa, and have divergent scores along PC2. Sthenurines also resemble suspensory primates (Arias-Martorell 2018), as well as tree kangaroos (see above), in having humeral heads that project above the level of the tuberosities (Wells and Tedford 1995) . The sole non-macropodoid ricochetal taxon (see Cavagna and Legramandi 2015) is the springhare (Pedetes capensis [#96]), a large (~3 kg) rodent, which clusters closer to the sthenurines than to the macropodoids. (Note that our specimen of Pedetes is the same individual as in the tables of Cavagna and Legramandi 2015!) 
Geometric Morphometrics: Canonical Variates Analysis
A preliminary canonical variates analysis (not shown) using only three locomotor categories (arboreal, scansorial, and terrestrial) and including only carnivorans (excluding ursids), rodents and primates, showed that proximal humeral morphology could distinguish locomotor mode to a certain extent. Arboreal forms could be distinguished from the terrestrial plus scansorial taxa, and 81.9% (57.1% with cross-validation) of the cases were correctly reclassified. Figure 5 shows a CVA of the entire dataset, with all macropodids (plus Pedetes capensis) entered as unknowns; Table 2 shows the % classification of the "unknowns" into the different locomotor categories; Fig. S2 shows this same CVA with convex hulls around the main locomotor categories. The inclusion of the suspensory forms, which can be distinguished as a discrete group in the positive portion of the first axis, results in slightly different separation of the other locomotor groups from our preliminary analysis: now the terrestrial forms are distinct, with scores in the negative portion of the first axis, while the scansorial and (non-suspensory) arboreal forms are not distinguishable from each other. This observation is confirmed by the statistical results of the permutation tests for Mahalanobis distances among groups: suspensory and terrestrial forms are statistically different from each other and the other groups (all p values are below 0.0001), but scansorial and non-suspensory arboreal forms are only slightly different (p value 0.0276) (see Table 2 ). The second axis does not appear to have any locomotor or phylogenetic component, apart from the fact that most of the sthenurines have high positive scores. The percent reclassification is poorer than in the preliminary analysis, with only 54.7% correct reclassification of cases using leaving-one-out cross-validation method.
The suspensory taxa all have positive scores, and in this analysis the sloths cluster with the primates. In most cases suspensory forms have higher positive scores than all of the other taxa (although note the high positive score of the uakari [Cacajao calvus, #88]), but the howler monkey (Alouatta When the macropodids (plus the ricochetal rodent Pedetes) are entered as unknowns, a clear separation is seen between the sthenurines (clustering with the suspensory taxa) and the other macropodids (including the extinct Protemnodon spp.), which cluster with the arboreal and scansorial taxa. The placement of the sthenurines echoes that seen in the PCA: the smallest sthenurine ("Procoptodon" gilli) has the least positive of the scores on the first axis (although it has a higher positive score on the second axis than any extant macropodid), in a similar position to the springhare (Pedetes capensis [#96]), and one of the large sthenurines (Sthenurus stirlingi [#6]) has a negative score on the second axis (all of the other sthenurines have positive scores). Table 3 shows that while the probability of most of the sthenurines clustering with the suspensory taxa is high (~90% or greater), the errant S. stirling has only a 62% probability, and "Procoptodon" gilli only 21%, while the probability for Pedetes is 35%.
The extant macropodids cluster in the middle of the morphospace, as in the PCA, with weakly negative scores to very weakly positive scores on the first axis, and negative scores on the second axis. In contrast to the sthenurines, macropodines are mostly reclassified as arboreal or scansorial forms, and the probability of being a suspensory form is usually <1% (the only exception being the quokka, Setonix brachyurus [#16], with a 6% probability). (As in the PCA, although not to such an extreme extent, the rufous rat-kangaroo, Aepyprymnus rufescens [#19], is the anomalous taxon on the second axis with a positive score.) The only kangaroos with more positive scores on the first axis (> 1) are the quokka and the burrowing bettong (Bettongia lesueur [#20]). The two species of Protemnodon (#s7,8) group away from the sthenurines and plot close to some of the extant macropodids.
Two-Dimensional Area Measurements
The relative values of the areas of the components of the proximal humeral head in taxa of the different locomotor categories are shown in Fig. 6 , and Table 4 summarizes the results of statistical analyses discriminating among locomotor modes based on the three component head areas and the K statistics phylogenetic signal for those components. The rGTA was found to differ significantly between arboreal/suspensory taxa and terrestrial taxa (p < 0.05). Arboreal and suspensory taxa generally showed lower rGTA values than ricochetal, scansorial, and terrestrial taxa. Sthenurine kangaroos tended to have rGTA values most similar to arboreal/suspensory taxa, and were fairly distinct from the range of terrestrial, scansorial, and ricochetal taxa; however, this difference was not statistically significant, likely as a result of the small number of sthenurine specimens sampled. Protemnodon spp. were not included in this analysis due to the sample size of two, although Protemnodon anak is figured in the Ternary plot (Fig. 7) to illustrate its position relative to other macropodoids. The significance tests were performed using a phylogenetic ANOVA, as implemented in the R package geiger; this method simulates trait evolution along a given phylogenetic tree to empirically derive a null distribution to which the F statistic of the dataset is compared to assess significance, incorporating phylogenetic nonindependence into the hypothesis test.
The rLTA did not differ significantly between arboreal, suspensory, scansorial, terrestrial, or sthenurine taxa. Ricochetal taxa were found to have relatively larger lesser tuberosities than all other groups (p < 0.05: Fig. 6) . Sthenurines had the smallest lesser tuberosities of any grouping, with the next smallest mean rLTA belonging to suspensory taxa; however, the difference between sthenurines and the other groups (except for the ricochetals) was generally not statistically significant, except between sthenurines and arboreal climbers.
The rHHA values were significantly greater in sthenurines than in both ricochetal and terrestrial taxa (p < 0.05; Fig. 6 ). While arboreal and suspensory taxa did not differ significantly from other locomotor groups, they tended to have high rHHA values; this was most evident in suspensory taxa. The K statistic of phylogenetic signal for the relative area of the greater tuberosity (rGTA) was 0.272 (p < 0.05). The K statistic for the relative area of the lesser tuberosity (rLTA) was 0.330 (p < 0.05), and for the relative area of the greater tuberosity (rHHA) was 0.244 (p < 0.05). All of these K statistics were statistically significant and below 1, indicating that closely related species in our dataset show greater differences in humeral morphology than would be expected by chance (phylogenetic overdispersion). Phylogenetic overdispersion occurs when selection causes traits to differ more between related taxa than expected under a random-walk through trait space, and here supports our inference that humeral head areas correlate to locomotor modes. Body mass showed a similar pattern, with a K statistic of 0.451 (p < 0.05). Standardized major axis regressions of phylogenetically independent contrasts of rGTA, rLTA, and rHHA against body mass found uniformly insignificant relationships (p > 0.05), with R 2 values less than 0.1.
Visualization of rGTA, rLTA, and rHHA in ternary space (Fig. 7) is helpful to see which values tend to discriminate between locomotor groups. As discussed above, rGTA generally separates arboreal and suspensory taxa from scansorial and terrestrial taxa, with ricochetals occupying intermediate space. The major discriminant between sthenurines and ricochetals is rLTA, with the ricochetal taxa possessing far larger rLTA values. High rHHA values tend to be found in arboreal and suspensory taxa and sthenurines, with ricochetals, scansorials, and terrestrials having lower values.
Although the sthenurines analyzed here are all fairly large (and sthenurines generally tend to be more massive than extant macropodines), our findings are not the result of allometry. The relative areas rGTA, rLTA, and rHHA did not scale significantly with body mass, and extant macropodines all show great similarity irrespective of size. The characteristic humeral head morphology of sthenurines appears to be specific to their lineage, resembling arboreal suspensory climbers more than any other kangaroo in our dataset.
Discussion
Our results on extant mammals show that proximal humeral morphology changes in a characteristic fashion along a locomotor spectrum from animals that engage in less weightbearing on their forelimbs to those that continuously bear weight on their forelimbs (i.e., from suspensory, through arboreal and scansorial, to terrestrial taxa). The results obtained here indicate that sthenurine kangaroos possessed a proximal humeral morphology distinct from that of extant macropodids, which we interpret as indicating a difference in the mode of locomotion. In general, the more terrestrial the taxon, the larger the size of the tuberosities (especially the greater tuberosity), and the more ovoid the shape of the humeral head. This is functionally related to the need, in more terrestrial taxa, to stabilize the glenohumeral joint during weight-bearing by means of larger rotator cuff muscles, and the restriction of the motion of the forelimb to the parasagittal plane. In contrast, smaller tuberosities and a rounder humeral head allow for greater forelimb mobility, important in more arboreal taxa for reaching and grasping. The morphology of the proximal humerus in any given taxon reflects a compromise between support and agility, a compromise that will have different demands depending on the type of locomotion.
In both the PCA (Fig. 4 ) and the CVA (Fig. 5) , the scores from 2D geometric morphometric analysis show that suspensory taxa are have a morphology that is distinctly different from other locomotor types. Although there is considerable overlap among the other locomotor types (especially between arboreal and scansorial), the general distribution pattern along the first axis is the same in both analyses. In the PCA, the distribution of taxa from negative to positive is suspensory, arboreal, scansorial, terrestrial, and the CVA shows the same distribution pattern (but from positive to negative).
Of particular interest is the way in which the macropodids separate along the first axis in both analyses. The extant macropodids (plus the extinct protemnodons) cluster in the middle of the morphospace in the region of the overlap of arboreal and scansorial taxa. In contrast, the sthenurines cluster at the negative (PCA) or positive (CVA) end of the morphospace in the region occupied by the suspensory taxa. The resemblance of the sthenurine proximal humeral morphology to that of suspensory primates can also be seen in Figs. 1b and 8b . Interestingly, the one sthenurine that overlaps in scores with non-suspensory taxa in both geometric morphometric analyses is the relatively small species (~55 kg, Helgen et al. 2006 ) "Procoptodon" gilli (#2), which also tended to cluster with extant kangaroos in analyses of the hind limb bones (Janis et al. 2014) , and its calcaneal morpohology shows greater similarities to those of large macropodids than to other sthenurines (Bishop 1997) . In contrast, the similarly-sized "Procoptodon" browneorum here clusters with the other sthenurines. It is not clear why one of the specimens of Sthenurus stirlingi (#6) differs from the other sthenurines in having negative scores on the second axis in both the PCA and the CVA: it has a relatively modest greater tuberosity, but it does have a very small and posteriorly-projecting lesser tuberosity.
Unlike the other rodents, the ricochetal Pedetes capensis (the springhare [#96]), has a proximal humeral morphology similar to that of the sthenurine kangaroos, and plots near to them in the PCA morphospace. Springhares use their forelimbs for excavating burrows, and may support their weight on their forelimbs while moving slowly during foraging (Butynski and Kalina 2013) . Anthropologist Robin Crompton, who has observed springhares in the field, noted (personal communication to CMJ) that, unlike small macropodids (Windsor and Dagg 1971) , springhares do not appear to have a dedicated quadrupedal bounding gait.
The species of Protemnodon (#s7,8) plot in the same general region of the PCA morphospace as the extant kangaroos along the first axis, but differ in having much more negative scores on PC2. This placement is likely because they possess a large, hook-like anterior projection of the cranial portion of the greater tuberosity (see Fig. 8c ), which they share with a number of terrestrial carnivorans with scores in this area of the morphospace (e.g., the Canadian lynx, Lynx canadensis [#61] and the small Indian civet, Viverricula indica [#79]; see also the fanaloka [Fossa fossana] in Fig. 1d ). Note that the thylacine, Thylacinus cynocephalus (#28), also has similar scores on PC2 to Protemnodon spp.), although it has slightly more positive scores on PC1. However, in the CVA the Protemnodon species plot with some of the extant macropodines, and are separated along both axes from the terrestrial carnivorans and the thylacine.
With respect to the areas of the different components of the proximal humerus, sthenurines differ from almost all mammals in having relatively smaller lesser tuberosities (see Figs. 6 and 8b) and relatively larger humeral heads (although, perhaps strangely, in the PCA analysis it is the orientation rather than the size of the lesser tuberosity that distinguishes a b c these taxa with negative scores on the first axis). The results of the ternary plots of humeral areas (Fig. 7) are similar to those obtained with the geometric morphometric analyses: sthenurines cluster with arboreal and especially suspensory taxa, while other macropodids (including Protemnodon) plot in the area of overlap between arboreal, scansorial, and terrestrial taxa.
In the component area analysis, extant macropodids display consistently large (and medially directed) lesser tuberosities, indicative of a large subscapularis muscle, important as a medial rotator of the humerus. As previously discussed, an enlarged and medially-directed lesser tuberosity is seen in some arboreal mammals, where it may be related to the use of the subscapularis in vertical climbing (Sargis 2002) . However, a large subscapularis is also important in knuckle-walking hominoids, with medial rotation of the humerus effected during the support phase (Arias-Martorell 2018). Issues of shoulder stabilization during quadrupedal locomotion are different for hominoids than other mammals, due to their scapula being placed dorsally on an expanded ribcage, resulting in the scapular glenoid facing laterally rather than ventrally, with the resulting tendency of the humerus to be displaced dorsally (Bello-Hellegouarch et al. 2012 ). An enlarged subscapularis in macropodids may be related to their use of the forelimbs in pentapedal locomotion. In contrast, the ricochetal rodent, Pedetes, does not have an enlarged lesser tuberosity; in all of the analysis it plots near to the sthenurines.
All of our analyses show that sthenurine kangaroos have a very different morphology of the proximal humerus from that seen in other macropodids, extant and extinct: rather, their morphology resembles that of extant mammals that engage in suspensory climbing. What can we conclude from this about sthenurine locomotion? Among extant taxa, does this humeral morphology reflect the use of the arm (especially mobility) in under-branch hanging, a lesser degree of weight-bearing on the forearms, or both? Suspensory mammals may engage in quadrupedal terrestrial gaits on occasion, in particular (among the taxa in our dataset) chimpanzees, howler monkeys, and woolly monkeys (Fleagle 2013) . But in general, suspensory mammals would be expected to spend less locomotor time in forelimb weight-bearing than other taxa. (In contrast, terrestrial taxa spend all of their locomotor time in forelimb weight-bearing, and they are consistently placed at the opposite end of the morphospace to the suspensory taxa in the geometric morphometric analyses.) Humans are the only primates that, at least as adults, do not engage in forelimb weight-bearing locomotion. We did not include Homo sapiens in our sample, but we note that the human proximal humerus differs little in morphology from that of other hominoids, although it does show a somewhat lesser degree of torsion (Aiello and Dean 1990) .
Might the morphology of the sthenurine humerus merely reflect the degree of forelimb mobility practiced by suspensory taxa during overhead grasping in locomotion in the tree canopies? Based on a number of lines of anatomical evidence, sthenurines are hypothesized to have engaged in overhead browsing behavior, in which they reached upward their arms to feed on leaves (Wells and Tedford 1995) . The functional demands on the humeral head by sthenurines engaged in overhead browsing are likely similar to those experienced during suspensory locomotion; both behaviors involve extensive rotation of the humerus to allow for maximal reach, although of course sthenurines would not have been suspending their body weight on their forelimbs. Therefore, the similarities in proximal humeral morphology between sthenurines and arboreal and suspensory taxa support the overhead browsing model of their ecology.
We argue here that sthenurine humeral morphology additionally supports the hypothesis that they did not habitually support their body weight on the forelimbs in the type of quadrupedal or pentapedal slow walking gait seen in extant kangaroos. Various other features of sthenurine anatomy have led the proposal that they did not have a forelimb-supported walking gait (see Wells and Tedford 1995, who comment on [p. 83] "the emancipation of the forelimb from a locomotory role"). Our observations on proximal humeral morphology can be added to their observations, which include: a reduced olecranon process that would restrict the ability of the triceps muscle to resist elbow flexion in supporting body weight or in providing locomotor propulsion; a relatively smaller crosssectional area of the humerus; and a less well-developed pectoral crest. The highly stiffened nature of the sthenurine lumbar region would also limit the ability for dorsiflexion in placing the hands on the ground (Wells and Tedford 1995) . Note, however, that pentapedal (versus quadrupedal) locomotion is limited to a single clade of derived macropodines (the genera Macropus, Wallabia, and Onychogalea) , so any forelimb-supported slow gait in sthenurines would not be expected to necessarily employ tail support. Indeed, Dawson (2015) has shown that the morphology of the sthenurine anterior caudal vertebrae would preclude the drawing of the tail under the body that is essential for tail-supported pentapedal locomotion in macropodines.
We consider that another important difference between sthenurines and other macropodids, again relating to their probable locomotor habits, is the relative size of the supraspinatus muscle. The scapula of sthenurines is unusual in having a highly reduced supraspinous fossa, the area of origin of the supraspinatus muscle (Wells and Tedford 1995;  see also Sears 2005) . Wells and Tedford (1995:84) described the sthenurine scapula as "curiously human-like," and proposed that this morphology enabled sthenurines to raise their forelimb above their head. (We note, however, that although sthenurine forelimbs were undoubtedly highly mobile, they lack a key anatomical feature that may allow for this behavior in extant hominoid primates [and suspensory New World monkeys]: that is, a scapula positioned dorsally on an expanded ribcage, with a laterally-facing glenoid [Aiello and Dean 1990] .) Note also that, while sthenurines resemble humans in their extremely reduced supraspinous fossa, this morphology is not typical of other anthropoids, which retain a large supraspinous fossa and in whom the supraspinous muscle is important for shoulder stabilization during terrestrial quadrupedal locomotion (Bello-Hellegouarch et al. 2012 ). Thus the "human-like" nature of the sthenurine scapula might indicate a glenohumeral joint that was not adapted to weight-bearing, as is the case in humans.
Protemnodon spp. do not plot as being distinctly different in humeral morphology from other macropodids in the geometric morphometric analyses, although they do possess a carnivoran-like morphology of the greater tuberosity, with a cranial tip that is expanded antero-medially (Fig. 8c ). This might be indicative of an enlarged area of insertion for the supraspinatus, although the supraspinous fossa on the scapula is of a similar size to that of extant macropodids (see Den Boer 2018) . The position of Protemnodon anak in the ternary plot ( Fig. 7) also indicates a relatively larger greater tuberosity, but a smaller lesser tuberosity, than most extant macropodoids. Thus Protemnodon evinces aspects of the proximal humerus that may be indicative of more extensive weight-bearing on the forelimbs than in extant macropodids, perhaps suggestive of a greater degree of quadrupedal activity, as suggested by Den Boer (2018) .
Conclusions
Extant macropodoids use quadrupedal or pentapedal locomotion at slow speeds, during which weight is borne on their forelimbs, but (with the exception of the musky rat-kangaroo, Hypsiprymnodon moschatus) at faster speeds they switch to bipedal hopping, when their weight is borne entirely on their hind limbs. Their humeral morphology resembles that of scansorial (semi-terrestrial) taxa, reflecting the fact that they do not bear weight on their forelimbs during fast locomotion. They are unique in possessing a relatively large lesser tuberosity, which may reflect the use of the subscapularis muscle during quadrupedal/pentapedal walking.
The extinct kangaroos studied here have a proximal humerus morphology that differs from that of the extant ones, indicative of different modes of locomotion relating to the extent of weight-bearing on the forelimbs. The sthenurines ("Procoptodon," Simosthenurus, and Sthenurus) have a humeral morphology resembling that of suspensory arboreal taxa, supporting the hypothesis based on other anatomical features that they lacked the dedicated quadrupedal or pentapedal walking gait of extant macropodids, where weight is borne on the forelimbs (Wells and Tedford 1995) , and may instead have engaged in bipedal striding at slow speeds (Janis et al. 2014) . We note that preliminary trackway data from the Pliocene of central Australia (Camens and Worthy 2019) also supports this hypothesis of bipedal striding in sthenurines. Protemnodon has a proximal humeral morphology resembling that of scansorial or terrestrial carnivorans, supporting the hypothesis of a predominantly quadrupedal or pentapedal mode of locomotion at all speeds (Kear et al. 2008; Den Boer 2018) .
Summary
The morphology of the proximal humerus can be shown to differ between different modes of locomotion in therian mammalsarboreal, suspensory, scansorial, and terrestrialand suspensory forms are clearly distinguishable from all others. The differences in morphology reflect the functional requirements of the glenohumeral joint in locomotion. The more arboreal taxa (bearing their body weight on their forelimbs less frequently) have rounded humeral heads and smaller tuberosities for muscle insertion, reflecting the demands of mobility of the shoulder joint over stability. The more terrestrial taxa (bearing their body weight on their forelimbs in all locomotor activities) have more ovoid humeral heads and larger tuberosities (especially the greater tuberosity), reflecting the demands of stability of the shoulder joint over mobility.
Extant macropodoids (kangaroos and rat-kangaroos), which bear weight on their forelimbs only during their slow quadrupedal or pentapedal gaits, have a proximal humeral morphology that mostly resembles that of the scansorial (semi-terrestrial) taxa. However, the extinct macropodids do not plot with the extant ones. The sthenurines plot with the suspensory taxa, evincing a humeral morphology reflecting a shoulder joint favoring mobility over stability. The Protemnodon species plot in a similar area of the morphospace as the extant macropodoids along the first axis of the Principal Components Analysis, but do not group with them along the second axis, instead grouping with scansorial and terrestrial carnivorans that possess a large greater tuberosity. These results support prior hypotheses of locomotion in these extinct kangaroos: bipedal striding locomotion (especially during slow locomotion) in sthenurines and predominantly quadrupedal/pentapedal locomotion in Protemnodon.
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